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Shot noise of a ferromagnetic nanowire with a domain wall
Babak Abdollahipour, Malek Zareyan and Nazila Asaadi
Institute for Advanced Studies in Basic Sciences (IASBS), P.O. Box 45195-1159, Zanjan 45195, Iran
We study shot noise of the spin-polarized current in a diffusive ferromagnetic nanowire which
contains a ballistic domain wall. We find that the existence of a short domain wall influences
strongly the shot noise for sufficiently high spin-polarization of the wire. Compared to the situation
of absence of the domain wall, the shot noise can be reduced or enhanced depending on the length
of the domain wall and its relative conductance.
PACS numbers: 72.10.-d, 75.47.Jn, 75.75.+a, 74.40.+k
I. INTRODUCTION
Electronic transport through ferromagnetic domain
walls (DWs), the regions with rotating magnetization
vectors which connect two homogeneous domains with
miss-oriented magnetizations, has been recently a sub-
ject of extensive investigations, both theoretically1 and
experimentally2,3. This growing interest is stimulated
by the fundamental new physics raising from the dy-
namics of spin of electron in DW4, as well as by the
potential applications in nanoelectronics and spintronics
devices5. Among the others, recent experiments on mag-
netic nanostructures and nanowires have revealed that
the presence of a DW may result in a magnetoresis-
tance as large as several hundreds or even thousands of
percents6,7,8.
In the bulk metallic ferromagnets like Fe, Co and Ni
the so called Bloch walls are the favor magnetic configu-
rations where the rotating magnetization vector is in the
plane of DW. Such a DW is rather thick with a length
of about several hundreds nm. However, in ferromag-
netic nanowires the so called “Ne´el wall”s are more fa-
vored due to the transverse confinement9. In a “Ne´el
wall” the magnetization vector rotates in the plane per-
pendicular to the plane of DW and the thickness of the
DW can be of order of 10 nm. In ferromagnetic nanos-
tructures, like a narrow constriction between to wider
domains, even sharper DWs with lengths of the atomic
scale can appear10,11,12. In the two latter cases the length
of DW is usually smaller than the electron mean free
path of scattering from the static disorders, and thus the
electron transport is ballistic. Several theoretical works
have been devoted to studying contribution of the ballis-
tic DWs on the resistance of the nanowires and magnetic
nanostructures13,14,15,16. In a very thick DW the spin of
the electron propagating across the wall follows the mag-
netization direction quasi-adiabatically. Then scattering
of the electron from DW is very small and contribution of
the DW in the resistance is negligible17,18,19,20. While for
a narrow DW the dynamic of spin of electron through the
wall is not adiabatic and the presence of the DW causes
to considerable scattering of electron. Calculations in the
ballistic regime show an increase of the resistance due to
the DW21,22,23,24.
In spite of several theoretical and experimental studies
of the contribution of a DW on the average current, to
our best knowledge, there have been no works devoted
to the fluctuation of spin-polarized current in DWs. Low
temperature temporal fluctuation of the electrical cur-
rent through a mesoscopic conducting structure, the so
called shot noise, provides valuable information about
the charge transport process which are not extractable
from the mean conductance25,26,27,28,29. The aim of the
present work is to study the effect of spin-dependent scat-
tering of electrons in a ferromagnetic DW on the shot
noise.
We consider a ferromagnetic nanowire consisting of a
180◦ ballistic DW connected to two diffusive domains
with the magnetization vectors aligned antiparallel to
each other. Employing the two-band Stoner Hamilto-
nian and within the scattering formalism, we calculate
the spin-dependent transmission coefficients of DW. The
resulting shot noise shows strong dependence on the size
of the DW as well as the degree of the spin-polarization
of the nanowire. For a thick DW where the spin-dynamic
is dominated by the quasi-adiabatic following of the local
magnetization vector, the shot noise has its normal value
(shot noise of the wire without DW) determined solely by
the conductances of the diffusive domains and the DW
itself. However at lower thickness of DW, the shot noise
deviates significantly from the normal value depending on
the spin-polarization and the ratio of the conductance of
the DW to the domains. The interplay between diffusive
transport at domains and the noncollinear magnetization
of the DW causes to reduction of the shot noise below the
normal value with varying the DW thickness.
In the next section, we introduce a circuit which mod-
els the diffusive ferromagnetic nanowire with a ballistic
Ne´el DW. We calculate the spin-polarized scattering co-
efficients of DW, which are essential for the calculations
of the contribution of DW in the shot noise. Section III
is devoted to developing formulas for the average current
and the shot noise of the nanowire. We analyze the ob-
tained results in section IV, for a full range of the DW
thickness, the spin-polarization and the relative conduc-
tance of DW. Finally, in section V we give a conclusion.
2II. MODELING AND THE BASIC EQUATIONS
We consider a ferromagnetic nanowire consisting of two
diffusive ferromagnetic domains with antiparallel mag-
netization vectors which are connected through a 180◦
ballistic DW with length L. Fig. 1. shows a sketch of
the nanowire and the corresponding circuite consisting
of the two diffusive domains and the ballistic DW. In
the absence of extrinsic spin-flip scattering processes (for
instance due to magnetic impurities), each diffusive do-
main is represented by two parallel spin-dependent con-
ductances. In the circuit model the DW is represented as
a coherent four-terminal scattering region which is con-
nected through ideal ferromagnetic leads to conducting
elements of the two domains (see Fig. 1b). We use the
scattering approach and follow the Refs.[18,20,23] to cal-
culate the scattering coefficients of the electron through
the DW. Within the two-band Stoner model, where the
d-band electrons are responsible for the magnetization
and the current is carried by the s-band electrons, we
may describe transport of the electrons through DW by
an effective Hamiltonian of the form
Hˆ = −
~
2
2m
∇2 +
h0
2
mˆ(r) · σˆ , (2.1)
where h0 is the spin splitting of the s electrons due to
the exchange coupling with the d electrons and σˆ is the
vector of the Pauli matrices. First term of the Hamil-
tonian is the kinetic energy of electron and the second
part represents the interaction of the spin of electron
with the local magnetization oriented in the direction
of the unit vector mˆ(r). In this work we consider a
“Ne´el wall”, which is more common configuration in lat-
erally confined ferromagnetic nanowires. We assume that
mˆ(r) = (mx(z), 0,mz(z)) varies along the z direction
(wire axis). In the left and right domains the magne-
tization vectors are aligned along the −z and z axis,
respectively. The assumption mˆ(r) = mˆ(z) allows us
to separate the transverse and longitudinal parts of the
Hamiltonian (2.1). In the transverse direction the motion
of the electron is quantized with an energy denoted by
E⊥. From Eq. (2.1) the effective Schrodinger equation
for the longitudinal motion of electron is obtained as(
−
~
2
2m
d2
dz2
+
h0
2
mˆ(z) · σˆ
)
Ψ(z) = εΨ(z) , (2.2)
where ε = E − E⊥ is the longitudinal energy. To be
specific we consider a trigonometric magnetization profile
in the DW, which is defined by23
mˆ(z) =
{ (
cos pizL , 0, sin
piz
L
)
, for |z| ≤ L/2
( 0 , 0 , sgn(z) ) , for |z| > L/2
(2.3)
The advantage of this choice is that, it admits an exact
solution for the wave functions inside the DW.
In order to obtain the spin-dependent transmission and
reflection coefficients we have to solve the Schrodinger
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FIG. 1: a) Schematic of a nanowire containing a domain wall
and, b) the corresponding circuite model of the nanowire.
equation (2.2) in different regions and then match the so-
lutions of different regions at the boundaries (z = ±L/2).
In the domains z < −L/2 and z > L/2 the eigenfunctions
have the form Ψ = eikσz|zˆ, σ〉, where σ = ±1 denote up
and down spin directions and |zˆ, σ〉 are the spin states
when spin quantization axis is chosen to be the z axis.
The longitudinal wave vector for spin-σ electrons is given
by kσ =
√
2m
~2
(ε+ σ h02 ) . To find the eigenfunctions in
the DW we do a transformation in spin space from the
fixed reference frame to the rotated frame, which is in the
direction of the local magnetization vector mˆ(z). In our
representation it is given by a rotation about the y axis
Rˆ = exp (−iσyθ/2), where θ = tan
−1(mx/mz) =
pi
2 −
piz
L
is the angle of the magnetization vector respect to the
z axis at the point z. The Hamiltonian in the rotating
frame Hˆr = Rˆ
−1HˆzRˆ, where Hˆz is the longitudinal part
of the Hamiltonian at fixed frame, takes the form
Hˆr = −
~
2
2m
(
d2
dz2
− ω2
)
+ iωσy
~
2
m
d
dz
+
h0
2
σz , (2.4)
which does not depend on z explicitly. Here ω = 12
d
dzθ =
− pi2L . The eigenfunctions of this Hamiltonian have the
forms
Φσ(z) =

 u˜σ
v˜σ

 eiqσz, (2.5)
where
u˜2σ =
1
2

1− mh0/~2
2ω2 + σ
√
8mεω2
~2
+
(
mh0
~2
)2

 ,
v˜2σ =
1
2

1 + mh0/~2
2ω2 + σ
√
8mεω2
~2
+
(
mh0
~2
)2

 , (2.6)
3and the longitudinal wave vectors are
qσ =

(2mε
~2
+ ω2
)
+ σ
√
8mεω2
~2
+
(
mh0
~2
)2 
1/2
.
(2.7)
The wave functions in the fixed reference frame (along z
axis) are obtained from the relations Ψσ(z) = RˆΦσ(z).
Now, if we consider a spin up electron incident to the
DW from the left domain, the wave functions in three
regions have the following forms
Ψ1 = e
ik+z
(
1
0
)
+ r↑↑e
−ik+z
(
1
0
)
+ r↓↑e
−ik−z
(
0
1
)
,
(2.8)
for z < −L/2,
Ψ2 = c1e
iq+z
(
u+
v+
)
+ c2e
−iq+z
(
u+
v+
)
+ c3e
iq−z
(
u−
v−
)
+ c4e
−iq−z
(
u−
v−
)
, (2.9)
for −L/2 ≤ z ≤ L/2 and
Ψ3 = t↑↑e
ik−z
(
1
0
)
+ t↓↑e
ik+z
(
0
1
)
, (2.10)
for z > L/2. Here t↑↑ (r↑↑) and t↓↑ (r↓↑) are the spin-
conserved and spin-flip transmission (reflection) coeffi-
cients, respectively. Imposing the condition of the con-
tinuity of the wave functions and their first derivatives
at the boundaries (z = ±L/2), we obtain these scat-
tering coefficients. The obtained expressions are too
lengthly to be given here. We only mention some prop-
erties of the reflection and transmission probabilities.
Both spin-conserved |r↑↑|
2 and spin-flip |r↓↑|
2 reflection
probabilities are small except for a narrow DW of the
length L ≤ ℓDW , where ℓDW =
2
kF
(2EFh0 )
1/2 is the spin-
polarization dependent length scale. The spin-conserved
transmission probability |t↑↑|
2, is close to unity for a nar-
row DW, and has a diminishing behavior with increas-
ing L/ℓDW toward a vanishing value for a thick DW.
In contrast the spin-flip transmission probability |t↓↑|
2,
has an appreciable value for a sizable DW of L ≥ ℓDW ,
where the spin of electron has enough time to follow adi-
abatically the local magnetization direction. In the limit
of L ≫ ℓDW the electron transport is mainly realized
through two independent channels connecting the ma-
jority and minority spin electrons in two domains.
III. AVERAGE CURRENT AND SHOT NOISE
To express the average current and shot noise of the
nanowire in terms of the scattering coefficients derived
in the previous section, we use the the circuit model of
nanowire shown in Fig. 1b. In the circuite the diffu-
sive domains are modeled by two parallel conductances
for up and down spin electrons, denoted by gσα, where
α = 1, 2 labels the left and right domains, respectively.
These conductances have connected to the left and right
reservoirs with fixed voltages V1 and V2. The DW has
been shown as a four terminal device connected via the
nodes (α,σ) to the same domains through the ideal ferro-
magnetic leads. For simplicity we consider a symmetric
structure for that g
↑(↓)
1 = g
↓(↑)
2 = g+(−). Noting the fact
that the difference of the Fermi level density of states for
the majority and minority spin electrons in the domains
is proportional to the ratio h0/2EF , the spin-dependent
conductances are approximated by
g± =
gF
2
(1 ±
h0
2EF
) , (3.1)
where gF = g+ + g− is the total conductance of each
diffusive ferromagnetic domain. The conductance of the
ballistic leads is given by g0 = Ne
2/h, where the total
number of open channels in the leads N = N+ + N−
is the sum of the number of open channels for two spin
states electrons Nσ. The value of g0/gF is normally large
in ferromagnetic domain structures.
We derive the average current and the shot noise power
from the spin-dependent Landauer-Buttiker formula30
and the scattering coefficients obtained in the previous
section. The current operator for spin-σ electrons flow-
ing through terminal α is defined as
iˆσα(t) =
e
h
Nσ∑
n=1
∫ ∫
dε dε′ ei(ε−ε
′)t/~
[
aˆσ†αn(ε)aˆ
σ
αn(ε
′)− bˆσ†αn(ε)bˆ
σ
αn(ε
′)
]
, (3.2)
where the operator aˆσ
†
αn(ε) (aˆ
σ
αn(ε)) creates (annihilates)
outgoing electron from terminal α in the nth channel with
energy ε. Similarly, bˆσ
†
αn, (bˆ
σ
αn) denotes creation (anni-
hilates) operator for a spin-σ incoming electron in the
terminal α. The corresponding average current reads
iσα =
∑
ρ,β
GσραβV
ρ
β , (3.3)
where α, β stand for domains and σ, ρ for spin directions;
V ρβ are spin-ρ voltages at the connecting nodes between
the domain β and the DW, and Gσραβ are elements of the
conductance matrix defined by
Gσραβ =
e2
h
Tr
[
δαβδσρ −
(
sσραβ
)†
sσραβ
]
, (3.4)
where sσραβ are elements of the scattering matrix of the
DW at the Fermi energy. Considering that the number of
channels is very large and using the fact that the density
of states for a 2D system is constant we can change the
Tr to integral over ε in calculating the traces. Then we
can write
Tr[Sσρ
†
αβ S
σρ
αβ] =
N
2EF
∫ EF
−h0/2
dε
[
Sσρ
†
αβ (ε)S
σρ
αβ(ε)
]
. (3.5)
4The corresponding expression for the zero-
frequency correlation of current fluctuations
Sσσ
′
αα′ = 2
∫
dt〈δiσα(t)δi
σ′
α′(0)〉 is expressed as
Sσσ
′
αα′ =
2e2
h
∑
γ,γ′
∑
ρ,ρ′
Tr
[(
sσραγ
)†
sσρ
′
αγ′
(
sσ
′ρ′
α′γ′
)†
sσ
′ρ′
α′γ
] ∣∣∣V ργ − V ρ′γ′ ∣∣∣ . (3.6)
On the other hand the average current for spin-σ elec-
trons through the domain α can be obtained via the re-
lation
Iσα = g
σ
α (Vα − V
σ
α ) . (3.7)
Applying the conservation rule for spin-σ current flowing
into the nodes (α,σ) and using Eqs. (3.3) and (3.7) we
find
gσαV
σ
α +
∑
ρ,β
GσραβV
ρ
β = g
σ
αVα . (3.8)
The solution of this matrix equation give us V σα in terms
of the voltage difference (V1 − V2), the conductances g
σ
α
and Gσραβ , from which and using Eqs. (3.3, 3.6) we can
calculate the spin-resolved average currents and the con-
tribution of DW to the correlations of current fluctua-
tions in different nodes.
To calculate the noise power of the total charge current
in α reservoir Iα = I
↑
α+I
↓
α, we should include the effect of
the voltage fluctuations in the nodes as well as the fluc-
tuations due to the scattering inside the domains. Using
equation (3.7) and denoting the intrinsic fluctuations of
the current due to the scattering inside the domain by
δIσα , we can write the total fluctuations of the spin-σ
current coming from α domain to the (α,σ) node as
∆Iσα = −g
σ
αδV
σ
α + δI
σ
α . (3.9)
where δV σα is the voltage fluctuation in the node (α,σ).
We notice that the voltages of reservoirs Vα are constant.
At the same time from Eq. (3.3) we obtain the total
fluctuation of the current flowing through the node (α,σ)
in terms of the current fluctuation due to scattering from
DW:
∆iσα =
∑
ρ,β
GσραβδV
ρ
β + δi
σ
α . (3.10)
where δiσα is the intrinsic current fluctuation of DW. Ap-
plying the conservation rule for the temporal fluctuations
of the currents ∆Iσα = ∆i
σ
α, we obtain
gσαδV
σ
α +
∑
ρ,β
GσραβδV
ρ
β = δI
σ
α − δi
σ
α . (3.11)
By solving the above matrix equation we find δV σα in
terms of the δIσα and δi
σ
α. The shot noise of the total
current in α reservoir is given by
Sαα = S
↑↑
αα + S
↑↓
αα + S
↓↑
αα + S
↓↓
αα , (3.12)
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FIG. 2: Conductance of the ferromagnetic nanowire with a
domain wall relative to its conductance without domain wall
(a), and The Fano factor of the nanowire (b), in terms of
the domain wall length for different values of 2EF /h0 and
g0/gF = 80. Inset in the figure (b) shows the minimum of the
Fano factor.
where Sσσ
′
αα = 2
∫
dt〈∆Iσα(t)∆I
σ′
α (0)〉, and is expressed in
terms of the correlations of the current fluctuations δIσα
and δiσα. The correlations of the currents fluctuations
δiσα are given by Eq. (3.6), and for the diffusive domains
we have the following result for the correlations of the
currents δIσα
2
∫
dt 〈δIσα(t)δI
σ′
α′ (0)〉 =
1
3
gσα |Vα − V
σ
α | δαα′δσσ′ .
(3.13)
Using Eqs. (3.7), (3.12), (3.13) and (3.6) we can calculate
the average current and the shot noise of the nanowire in
terms of the system parameters. In the next section we
discuss the results for average current and Fano factor
defined by F = Sαα/2eIα.
IV. RESULTS AND DISCUSSIONS
The average current and Fano factor of the nanowire
can be expressed in terms of the three dimensionless
parameters kFL, 2EF /h0 and g0/gF which respectively
characterize the thickness of the DW, the degree of spin-
polarization of the nanowire and the relative conductance
of the ballistic DW and the two domains.
Let us start with analyzing the effect of DW in the
conductance of the nanowire. In Fig. 2a, we have plot-
ted the conductance of the nanowire G normalized to its
conductance in the absence of DW, G0, versus kFL for
g0/gF = 80 and different values of 2EF/h0. Conductance
of the nanowire rises with increasing the thickness of the
DW, which means that the presence of the DW always in-
creases resistance of the nanowire. Considerable change
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FIG. 3: Fano factor of the ferromagnetic nanowire with a
domain wall for three values of g0/gF and 2EF /h0.
in the conductance occurs for a short DW. The corre-
sponding variation of the Fano factor is shown in Fig. 2b.
For the half metal nanowire (2EF /h0 = 1) the Fano fac-
tor approaches its maximum Poissonian value (F = 1) at
small lengths but decreases rapidly by increasing kFL. In
a fully polarized nanowire at small lengths the DW acts
as a tunnel barrier and causes to Poissonian shot noise. A
similar effect is seen in the FNF spin valve structures27.
The Fano factor passes through a smooth minimum be-
fore taking its normal value in the limit of kFL≫ 1. For
smaller spin-polarizations (greater values of the 2EF /h0)
the Fano factor shows a maximum smaller than one which
occurs at a finite kFL. The smooth minima at a finite
length of DW occurs for smaller spin-polarizations as for
the case of 2EF /h0 = 1, as is shown in the inset of Fig.
2b. This observation that the Fano factor decreases be-
low its normal value for specific lengths of DW can be
attributed to the noncollinear change of the magnetiza-
tion at DW. Increasing kFL causes a decrease in the spin
conserving transmission coefficient and an increase in the
spin-flip transmission coefficient. This tends to decrease
the Fano factor. At the same time by increasing the
length of the DW, its conductance increases and conse-
quently the contribution of the domains in the Fano fac-
tor increases. Competition of these two effects leads to
generation of the minimum in the Fano factor, such that
F goes below the normal value. In this regime while the
transport of electron through DW is closely ballistic giv-
ing rise to a negligibly small shot noise, its conductance
has a sizable value to have a significant contribution to
the Fano factor of the whole structure. A similar be-
havior has been seen in the noncollinear FNF systems
with diffusive junctions31,32, where the Fano factor re-
duces below its collinear value at specific values of the
relative angle of the magnetization vectors. In the limit
of large kFL the Fano factor tends to its normal value
(single domain ferromagnetic nanowire) given by
F =
∑
σ F
σIσ∑
σ I
σ
,
F σ =
(F σ1 R
σ2
1 + F
σ
DWR
σ2
DW + F
σ
2 R
σ2
2 )
(Rσ1 +R
σ
DW +R
σ
2 )
2
, (4.1)
where σ denotes majority and minority spin sub-bands,
F σ1,2 = 1/3 and R
σ
1,2 = 1/gσ are Fano factors and resis-
tances of the domains, F σDW = 0 and R
σ
DW = 1/g0 are
those of very thick DW. This expression coincides with
the results which is obtained by extending the formula
derived by Beenakker and Buttiker for Fano factor of a
wire consisting of a series of phase coherent segments in
the inelastic regime33. At this limit electrons pass adi-
abatically trough the DW and mixing between majority
and minority spin sub-bands is negligible. Thus system
behaves like a single domain and DW has no considerable
effect on the conduction.
Let us now consider the effect of varying the relative
conductances of domains g0/gF on the Fano factor. This
is shown in Fig. 3 for different 2EF /h0. The main fea-
ture is that by decreasing g0/gF the length scale over
which F has appreciable variation increases. There are
two contributions in the total shot noise of the nanowire.
One is the domains contribution which is independent of
the DW length and the other one is due to the DW and
depends on the length of the DW. The relative impor-
tance of them is determined by voltage drops at these
elements. For large g0/gF domains act as resistive ele-
ments of the nanowire and cause to lowering the voltage
drop at DW and thus reducing the importance of the
DW contribution. As it is seen in the figure (3) at this
limit the Fano factor shows small variations whit length.
On the opposite limit when g0/gF is small the DW has
dominant contribution at the shot noise and the the Fano
factor shows considerable variations whit length of DW.
V. CONCLUSION
In conclusion, we have investigated the effect of a bal-
listic domain wall on the spin-polarized shot noise of a
ferromagnetic nanowire. We have considered the inelastic
regime where the diffusive domains and the ballistic DW
can be treated as the separated coherent segments. Using
the two-band Stoner model for a Ne´el type trigonometric
profile of the magnetization vector, we have obtained that
Fano factor changes significantly with respect to its value
in the absence of DW for a high spin-polarization of the
wire and when DW is short enough. A remarkable result
is that the presence of DW can cause both reduction or
enhancement of the shot noise, depending on its length,
the spin-polarization and the relative conductances of the
domains and DW. Here we considered an especial type
of the profile for the DW. The realistic profile of a DW
can be different. Since different profiles for the DW do
not change the scattering coefficients qualitatively23, we
6expect that the simplified profile we considered here will
capture the essential physics and the effect of considering
other profiles to our results for shot noise will be minor
and quantitative.
With the new developed techniques for measurement of
the shot noise in various systems especially the magnetic
tunnel junctions34 and recent progresses in fabricating
and controlling different types of DWs3, the shot noise
measurement in DW seems to be feasible. Such future
measurements can verify our results experimentally.
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